We developed a dynamic programming approach of computing common sequence/structure patterns between two RNAs given by their sequence and secondary structures. Common patterns between two RNAs are meant to share the same local sequential and structural properties. Nucleotides which are part of an RNA are linked together due to their phosphodiester or hydrogen bonds. These bonds describe the way how nucleotides are involved in patterns and thus delivers a bond-preserving matching definition. Based on this definition, we are able to compute all patterns between two RNAs in time O(nm) and space O(nm), where n and m are the lengths of the RNAs, respectively. Our method is useful for describing and detecting local motifs and for detecting local regions of large RNAs although they do not share global similarities. An implementation is available in C++ and can be obtained by contacting one of the authors.
Introduction
RNAs are polymers consisting of the four nucleotides A,C,G and U which are linked together by their phosphodiester bonds. This chain of nucleotides is called the primary structure. Bases which are part of the nucleotides form hydrogen bonds within the same molecule leading to structure formation. One major challenge is to find (nearly) common patterns in RNAs since they suggest functional similarities of these molecules. For this purpose, one has to investigate not only sequential features, but also structural features. The structure in combination with the sequence of a molecule dictates its function. Finding common RNA motifs is currently a hot topic in bioinformatics since RNA has been identified as one of the most important research topics in life sciences. RNA was selected as the scientific breakthrough of the year 2002 by the reader of the science journal.
Most approaches on finding RNA sequence/structure motifs are based on (locally) aligning two RNAs of lengths n. They use dynamic programming methods with a high complexity between O(n 4 ) and O(n 6 ) ([1], [9] ). Hence, these approaches are suited for RNAs with just moderate sizes. For that reason, we want to use a general approach that is inspired by the DIALIGN [10] method for multiple sequence alignments. The basic idea is to find exact patterns in large RNAs first, and then to locally align only subsequences containing many exact patterns by using a more complex approach like [1] .
So far, the problem of finding local, exact common sequence/structure patterns was unsolved. This is the problem which is considered in this paper. We can list all patterns between two RNAs in time O(nm) and space O(nm), where n and m are the lengths of the RNAs, respectively. The key idea is a dynamic programming method that describes secondary structures not only as base pairing interactions but at a higher level of structure elements known as hairpin loops, right bulges, left bulges, internal loops or multi-branched loops (see Figure 1 ). The computation of RNA patterns is performed on loop regions from inside to outside. Base-pairs which enclose loops occur in a nested fashion, i.e nested basepairs fulfill for any two base-pairs (i 1 , i 2 ) and (j 1 , j 2 ) either i 1 < i 2 < j 1 < j 2 or i 1 < j 1 < j 2 < i 2 . Hence, we are able to obtain an elegant solution to the pattern search problem.
A naive attempt is to consider all combinations of positions i in the first RNA and positions j in the second RNA and to extend these starting patterns by looking at neighbouring nucleotides sharing the same sequential and structural properties. If these properties are fulfilled then the nucleotides are taken into the pattern. At a first glance, this idea may work, but the crucial point are the loops. Consider e.g. the case shown in Figure 2 . Suppose the algorithm starts at position 1 in the first RNA and position 1 in the second RNA and is working towards the multiple loop in the first RNA. The lower stem has been successfully matched. But now there is no clear decision to match the upper part of the stem-loop of the second RNA either to the left side or to the right side of the multiple loop. This decision depends on how a common pattern is defined, of course, and how to reach a maximally extended pattern. Therefore, the only solution is to make some pre-computations of sequential and structural components of RNAs. Finally, we end up in a dynamic programming approach which compares inner parts of RNAs first, stores the results in different matrices and build up the solutions successively. Note, that it is also a mistake to compute common sequential parts first and then to recompose these parts by their structural properties. This problem is obviously a computational intractable problem because of considering all combinations of subsets of sequence parts. Related Work: Wang et al. [13] published an algorithm for finding a largest approximately common substructure between two trees. This is an inexact pattern matching algorithm suitable for RNA secondary structures. A survey of computing similarity between RNAs with and without secondary structures until 1995 is
